In supersymmetric theories with R-parity breaking, trilinear couplings of leptons to scalar sleptons, including sneutrinos, are possible. In electronpositron collisions such interactions would manifest themselves through contact terms in Bhabha scattering, e + e − → e + e − , and annihilation to lepton pairs,
Introduction
The recent observation of surplus events in deep-inelastic positron-proton scattering at HERA at high x and high Q 2 above a priori expectations [1] has given rise to many speculations. If this surplus is not a statistical fluctuation, an attractive interpretation is offered by supersymmetry with R-parity breaking [2] . Since in particular the H1 events cluster at a mass value of 200 GeV, resonance squark production e + d →c,t could explain the HERA events 1 without spoiling the tremendous success of the high-precision analyses based on the Standard Model, and the prediction of the electroweak mixing angle sin 2 θ W in the grand unified version of the Minimal Supersymmetric Standard Model.
In addition to the lepton-quark-quark superfield term, the R-breaking part of the superpotential may involve also the interaction of three lepton superfields [3, 4] 
Both couplings λ and λ ′ violate lepton number (L). Their coexistence is not excluded by the non-observation of proton decay. The indices ijk denote the generations; λ ijk are nonvanishing only for i < j so that at least two different generations are coupled in the purely leptonic vertices. The standard notation is used in Eq. (1) for the left-handed doublets of leptons (L) and quarks (Q), and the right-handed singlets of charged leptons (E) and down-type quarks (D). In four-component Dirac notation, the lepton part of the Yukawa interactions has the following form
u i and d i denote the u-and d-type quarks, e i and ν i the charged and neutral leptons, respectively;l denotes the spinor of the antiparticle, the superscript ( ) c the charge conjugate spinor and ( ) * the complex conjugate scalar.
The interpretation of the HERA events by R-parity breaking SUSY interactions involves at least one of the couplings λ ′ , in the most attractive scenarios λ
, giving rise to charm or top squark production with masses of ∼ 200 GeV, respectively. This invites speculations on the possibility that some of the couplings λ in the purely leptonic sector are also non-zero and that other supersymmetric particles exist in a similar mass range, in particular sneutrinos. In the present paper we investigate the sneutrino effects in leptonic e + e − processes at the high energies 2 provided by LEP2. They include Bhabha scattering and µ + µ − and τ + τ − pair production:
1 Neutrinoless double β decay [5] restricts the e + dũ coupling so strongly that this interaction cannot account for the (ej) final states at HERA. 2 Other novel interactions which may be l − q symmetric [6] , could give rise to effects in the lepton sector which are similar to the effects in supersymmetric theories with R-parity breaking.
Neutrino pair-production, involving the exchange of charged sleptons, can in principle be analysed in the same way after obvious substitutions, though experimental analyses are much more difficult. Both processes (3) and (4) can be affected by the exchange of sneutrinos in the s-and/or t-channel. For sneutrinos with masses in the order of 200 GeV, the effects can be quite significant. While contact interactions relevant for much heavier sneutrinos have been discussed earlier in the literature [7, 8, 9] , we improve on these analyses by including the impact of nearby resonances; they require the proper account of sneutrino propagator and non-zero width effects. 
Collisions
At energies much lower than the sparticle masses, R-parity breaking interactions introduce effective llll and llqq contact interactions. These operators will in general mediate L violating processes and FCNC processes so that existing data put stringent constraints on the couplings. However, if only some of the operators with a particular generation structure are present in Eq. (1), then the effective four-fermion Lagrangian does not violate lepton number. Similarly, the couplings can be arranged such that there are no other sources of FCNC interactions than CKM mixing in the quark sector. In the purely leptonic sector, we can restrict ourselves to the following two possibilities 3 :
(a) one single Yukawa coupling is much larger than all the others, so that the latter can be neglected; (b) two Yukawa couplings are much larger than all the others, where both couplings violate one and the same lepton flavor, or both couplings violate all three lepton flavors.
In these cases low-energy experiments are not restrictive and typically allow for couplings λ < ∼ 0.1×(m/200 GeV), wherem is the mass scale of the sparticles participating in the process. The corresponding limits, derived by assuming only one non-vanishing coupling at a time, are summarized in Table 1 . The most stringent limits for λ can be derived from CC universality, lepton universality and induced ν e Majorana mass. Additional constraints on products of λ and λ ′ couplings come from rare K and B leptonic decay processes. In Table 1 we included those limits which are relevant for the present study. In particular, the K → eµ decay strongly constrains the product λ 121 λ ′ 121 . The interpretation of the HERA data asc production requires λ ′ 121 > ∼ 0.05; combining this estimate with the K-decay limit results in a tight upper bound on λ 121 of order 10 −5 . However, ift is responsible for the HERA data, leptonic decays of mesons do not impose additional constraints on λ.
We will first consider the case (a) taking specifically λ 1j1 = 0 with j = 2 or j = 3. The cross section for Bhabha scattering is then built up by s-and t-channel exchange of γ, Z bosons and of (anti-)sneutrinos (ν µ for j = 2, orν τ for j = 3) (see Fig. 1 
0.04 [10] , B decay limits from Ref. [11] . section can be written most transparently in terms of helicity amplitudes [12] :
While the s-and t-channel γ, Z amplitudes in the Standard Model involve the coupling of vector currents, the sneutrino exchange leads to scalar currents. By performing appropriate Fierz transformations, however, the s-channelν j exchange amplitudes can be rewritten as t-channel vector amplitudes, and t-channelν j exchange amplitudes as s-channel vector amplitudes:
The independent s-channel amplitudes f
are therefore given by
In the same way, the t-channel exchange amplitudes f t h i h f can be written as electron are fixed by the γ 5 invariance of the vector interactions: they are opposite to the helicities of the lepton partner in s-channel amplitudes and the same in t-channel amplitudes 4 . The left/right Z charges 5 of the leptons are defined as
In Fig. 3 the impact of the sneutrinoν µ exchange on the Bhabha scattering process at LEP2 energies is shown as a function of the sneutrino mass, assuming couplings λ 121 = 0.1 or λ 121 = 0.01. Due to the s-channel exchange, the effect can be very large if the sneutrino mass is close to the LEP2 center-of-mass energy.
The analysis of µ + µ − production in e + e − annihilation proceeds in an analogous way. The important difference is the absence of the t-channel Standard Model amplitude and the s-channel sneutrino exchange amplitude if only the Yukawa coupling λ 121 is assumed to be non-zero. In this case the µ + µ − production process is mediated by the s-channel γ, Z exchange and the exchange of the (anti-)sneutrinoν e in the t-channel (see Fig. 2 ). Because the s-channel sneutrino exchange diagram is absent, the impact on the total cross section is small even for λ 121 as large as 0.1 as can be seen in Fig. 4 . In the scenario considered, that is for λ 121 = 0 and all other Yukawa couplings vanishing, the process e + e − → τ + τ − is not affected and the cross section is given by the Standard Model.
If instead of λ 121 we take λ 131 = 0, the above analysis holds with the obvious interchange of µ and τ , i.e. in Bhabha scattering theν τ would be exchanged in the s-and t-channel, the τ + τ − production in e + e − annihilation would receive a contribution from the exchange ofν e in the t-channel, and µ + µ − production would be predicted by the Standard Model.
Finally, in the realization of case (a) with λ 123 = 0 all lepton flavors are violated. Bhabha scattering is then not affected at all. However, µ + µ − and τ + τ − pair production in e + e − scattering would receive contributions from t-channel sneutrino exchange. The formation of s-channel resonances , e.g. e ± µ ∓ →ν τ , appears remote in such a scenario.
Case (b) with two large Yukawa couplings is interesting if both couplings violate the same lepton flavor: for example λ 131 and λ 232 = 0. If this scenario is realized, then the process e + e − → µ + µ − receives an additional contribution from s-channelν τ sneutrino 4 The (LR) and (RL) terms of the first line of Eq. (5) correspond to equal electron helicities in the initial and final state so that forward scattering is permitted; this is obvious for the s-channel amplitudes, but applies also to the t-channel amplitudes after Fierz transformation. The first two terms of the second line correspond to opposite electron helicities so that forward scattering is forbidden. Finally, the last two terms correspond to isotropic spin-zero scattering after applying a Fierz transformation from the t-to the s-channel. 5 Note that in Eqs. (7 -14) the outgoing positron with helicity L (R) couples with the charge g R (g L ).
exchange. Therefore, µ + µ − production would be affected in a similar way as Bhabha scattering, as can be seen in Fig. 4 . The case with λ 121 and λ 233 = 0 can simply be obtained by interchanging µ with τ .
Stringent bounds on contact interactions in the lepton sector have been reported by the LEP experiments [13, 14] . Defining the contact interactions by
with i, j = L, R, the lower bounds for the LR and RL scales and the positive sign are close to 2.7 TeV, while for the negative sign they are close to 3.2 TeV (LL and RR bounds are even stronger). Even though these values cannot be immediately transferred to the more complex analysis presented here, we nevertheless expect typical values of mν/λ ∼ Λ/ √ 8π ≃ 0.5 to 0.7 TeV, as an order of magnitude estimate in the present scenario. Choosing mν ≃ 200 GeV, the Yukawa couplings could still be of the order 0.4. This analysis is based on the integrated luminosity L ∼ 10 pb −1 at √ s = 161 GeV. Since the limits on Λ scale with ( L) 1/4 [15] , improvements by a factor ∼ 2.5 can be expected for a total integrated luminosity of L = 400 pb −1 anticipated for the 4 combined LEP experiments in the run of this year. The sensitivity on the scale of the contact interactions in the lepton sector will then rise to a value close to Λ ∼ 7 to 8 TeV corresponding to λ ≃ 0.13 to 0.15 ×(mν/200 GeV).
Resonance Formation
The most exciting prediction of R-breaking supersymmetry in the lepton sector, however, is the formation of sneutrino resonances [8, 17] with masses either close to the LEP2 energy or even in reach of the machine:
If the HERA high x, high Q 2 data indeed indicate the production of 2nd or 3rd generation squarksc,t, the sneutrinosν µ andν τ may also exist in the mass range around 200 GeV. Naïvely one would expect non-colored states to be lighter than the associated colored states. Even if the stopt 1 mass is reduced through strong left-right mixing by the large Yukawa interactions in the t,t sector, in a large part of the supersymmetric parameter space the sneutrino masses can be as light as 200 GeV in grand unified models incorporating universal soft SUSY breaking parameters (see [16] for example).
The cross section for the production of sneutrinos which decay to a final state F , is given by the Breit-Wigner formula The partial decay width Γ(ν → e + e − ) = λ 2 1j1 mν/16π is very small. However sneutrinos can also decay via R-parity conserving gauge couplings to νχ 0 and l ± χ ∓ pairs with subsequent χ 0 and χ ± decays and vi R-parity violating λ ′ couplings topairs. The partial decay widths for these channels depend on the specific choice of the supersymmetry breaking parameters. In large regions of the supersymmetry parameter space, the total decay widths of sneutrinos can be as large as 1 GeV, that is significantly larger than the energy spread 6 at LEP2. In this case the interference with the background Standard Model process must be taken into account if F = e + e − , µ + µ − , or τ + τ − . The cross sections including these interference effects have been presented in Eqs. (5) and (7) to (14) . A representative example for the cross section of the process e + e − → e + e − includingν µ resonance formation is displayed in Fig. 5 . Since the width is wider than the beam energy spread, the maximum of the cross section is given by the unitarity limit σ max = (8π/m 2 ν )B 2 e for sneutrino and anti-sneutrino production added up. The cross section in the peak region is therefore very large. In addition to the l + l − final states one should expect many other final states originating in R-parity conservingν decays.
Summary
In this paper we have shown that if R-parity is broken by explicit lepton number violating operators in the leptonic sector, distinctive signals in e + e − → e + e − , µ + µ − and τ + τ − processes are predicted. Motivated by a plausible explanation of the HERA events involving the R-parity breaking LQD operator, we have analysed the impact of the LLĒ operator on these leptonic processes. If sleptons exist in the mass range of 200 GeV, the effect of the sneutrino exchanges at LEP2 could be very large. If sneutrino masses were within the reach of LEP2, sneutrinos would manifest themselves by resonance formation in e + e − collisions.
